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Introduction 1
The thermo-rheological properties of lava flowing in a channel depend on the 2 evolution of the moving volume, where viscosity and yield strength are increas- by Moore (1987) . In this approach velocity depends on the lava rheological prop-8 erties computed according to the cooling and crystallization path of the control 9 volume as estimated via a heat balance box model (Fig. 1) . FLOWGO is thus a 10 framework within which thermo-rheological models can be integrated to test fits 11 between output parameters and natural data. By selecting appropriate models to 12 place within this framework Harris and Rowland (2001) and Rowland (2015) and Harris et al. (2015) incorporated an alternative model to 22 compute the melt phase viscosity that is based on lava composition, rather than 23 on a given assumed viscosity as originally proposed. They also introduced a three 24 phase rheological model to estimate the effect of crystals and bubbles on viscosity.
25
To correctly simulate the evolution of thermo-rheological parameters down flow 26 using FLOWGO the user thus is allowed a degree of flexibility so as to best-fit 27 the natural cases, while changing thermo-rheological models and variables within 
Model architecture in Python

62
PyFLOWGO is developed in Python v3 which is an object-oriented program-63 ming language. The code has been designed to allow the user to switch between 64 any existing models and add new models as they become available, without modi-M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT therefore described by: 101 ∆H = Q rad + Q conv + Q rain + Q cond − Q cryst − Q visc ( 1) where Q rad , Q conv and Q rain represent the heat loss from the surface due to radi- involved (Crisp and Baloga 1994) . This case is not treated here but all details may 107 be found in Harris and Rowland (2001) . Following Keszthelyi (1995b) , heat gain 108 from crystallization, Q cryst can be written as:
where ∂ T /∂ x is the cooling per unit length (in K/m), ρ bulk (kg/m 3 ) is lava bulk 110 density, L cryst (J/kg) is latent heat of crystallization, E r (m 3 /s) is effusion rate, and 
with:
The increase of down flow crystal fraction (∂ φ /∂ x) is then computed via:
where the crystallization rate per degree of cooling, ∂ φ /∂ T cool , can be calculated 123 from one of the models presented in the supplementary material (Appendix A). 
Conservation of volume
125
Based on mass conservation, if the effusion rate and channel depth are kept 126 fixed down flow, then width can be computed at each down flow step from:
with w and d being the channel width and depth (in m), and V mean being the flow M A N U S C R I P T A C C E P T E D 
where n is the channel shape factor, θ is the underlying slope in radians, g (m/s 2 )
139
is acceleration due to gravity, ρ bulk (kg/m 3 ) is the lava bulk density, η bulk (Pa·s) is 140 the bulk viscosity of the lava mixture (considering the melt phase and the effect of δ 2 1 Λ = Λ 2 − Λ 1 as the variation in variable Λ from state 1 to state 2, and
as the variable value at position x i , we obtain the following first order integration
156
(neglecting higher order components):
which leads to the common Euler scheme for temperature:
with δ i+1 i
x being the step distance between i and i + 1. Then the second equation,
159
for the crystal fraction, is solved using the same approach:
The values of the state (Y i+1 ) now allow computation of the rheology, and hence 161 the velocity of the control volume, at position x i+1 , which is then used to estimate 162 channel width by considering a constant effusion rate E r and a constant depth in Wantim, M., Kervyn, M., Ernst, G., del Marmol, M., Suh, C., Jacobs, P., 2013.
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447
Numerical experiments on the dynamics of channelised lava flows at mount ). The lava viscosity and yield strength are estimated within the control volume according to the lava state within the box (including thermal state: heat budget, temperature of core, base, surface, crust; and physical state: crustal coverage, crystallinity, vesicularity) in order to compute the velocity and corresponding channel width (for a fixed effusion rate) used for the next step. This model assumes a "cooling limited" lava flow behavior: the lava stops flowing because it has cooled to such an extent that its rheological behavior impede motion. Q rad , Q conv and Q rain are heat losses into the atmosphere due to radiation, forced convection due to heating of the air above the lava surface and effect of rain, respectively. Q cond is the heat loss by conduction into the cooler base and levees. Q cryst and Q visc are the heat gain due to crystallization and viscous dissipation, respectively. Dimensions d and w are the channel depth and width, and θ is the underlying ground slope.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Figure 2: PyFLOWGO UML class diagram -top level. The interfaces (labeled "I" and with the prefix "base") provide parameters to main classes (labeled "C") that enable the Integrator to update the flow State at discrete positions along a slope.
25
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Figure 3: Example of PyFLOWGO UML class diagram describing the interface, base melt viscosity model, for the various models to compute the melt viscosity (see Appendix A for details about the models). The user is free to chose the model of his choice (see Table A .2 in appendix for the available models at this date) or implement a new model. Table A .2 in appendix for the available fluxes at this date) or implement a new flux. Table A .3 in appendix. Field data are also plotted for comparison. Note also that the line-of-steepest-descent for Mauna Ulu 1974 and for Piton de la Founaise 2001 is given only until 6000 m and 1000 m, respectively; the last section of the slope is therefore equal to the last slope value. land (2015) and allows the crystallization rate to be changed after a given distance
26
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where x critic , and the constants C 1 and C 2 are of the user's choice. This bimodal model allows the crystallization rate to be changed after a given 474 temperature (T critic ) is reached.
475
If T core T critic :
where T critic , and the constants C 1 and C 2 are of the user's choice. 
484
The fraction of crystals grown per degree of cooling is then computed using the 485 finite differences via the interpolated function:
with ∆T being the temperature step that is chosen to be small enough (for example 487 10 −6 ). Note that this model considers that crystallization happens under equilib-488 rium conditions, which is probably not the case during lava emplacement (e.g.,
489
Chevrel et al. 2013; Kolzenburg et al. 2016) . The heat flux due to vaporization of rainwater falling onto the lava surface is 515 expressed by:
where ∂ R/∂t (m/s) is the rainfall rate and ρ H 2 O (kg/m 3 ) and L H 2 O (J/kg) are, re-517 spectively, the density and latent heat of vaporisation of water. PyFLOWGO provides one model to calculate the bulk density:
where ρ DRE is the density of the dense rock equivalent and φ b is the volume fraction 536 of bubbles in the lava obtained via the methods described in section Appendix A.5. The first four relative viscosity models given here take into account the affect of (Krieger 1972 , Krieger and Dougherty 1959 , Pabst 2004 : .20) where b is the Einstein coefficient (also termed intrinsic viscosity) and φ m is the 589 crystal maximum packing, both being fitting parameters that depend on particle to Maron and Pierce (1956) :
where φ m is a fitting parameter that depends on particle shape (e.g. Mueller et al. 
in which: .22) here, φ * is the critical solid fraction that is present at the onset of the exponential 606 increase in η r with φ ; γ is the slope of the relation between η r and φ as the crystal 607 fraction approaches φ * , and δ is the slope of the relations for values of φ greater 608 than φ * . ξ , γ and δ are all empirical parameters that depend on particle shape and 609 applied strain rate. Two default models are offered in PyFLOWGO: costa1 that M A N U S C R I P T
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is only applicable for spherical particles (aspect ratio of 1) and costa2 that is for 611 elongated particles (aspect ratio of 9). Both models can be used for strain rate set lowing Phan-Thien and Pham (1997) . This model is applicable only for φ +φ b < 1.
620
One of the three following cases can be applied:
621
Case ptp1, crystals are smaller than bubbles:
Case ptp2, crystals and bubbles are the same size:
Case ptp3, crystals are larger than bubbles: 
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The second is a model as proposed by Harris and Rowland (2015) , which allows 628 the vesicle fraction to be changed after a given distance, x critic , and is intended to 629 take into effect down flow degassing. In the PyFLOWGO framework these are the 630 constant and bimodal model, respectively. In the bimodal model:
where x critic , φ b1 and φ b2 are the proximal and distal vesicularities, respectively and 632 can be set using down flow assessments of lava density (e.g. Robert et al. 2014) . 
653
The basic model, as proposed in the original version of FLOWGO, allows f crust 654 to vary down flow as function of velocity:
where f init is the initial (at vent) crust fraction and α is a coefficient that varies 656 crust cover as function of V mean : crust cover increases as flow velocity decreases.
657
Based on examination of aerial photographs of active channels flowing at known In the PyFLOWGO framework, this is the honbimodal model. 
